Forty-one atmospheric nuclear weapons tests (plus five safety tests) were conducted in French Polynesia between 1966 and 1974. To evaluate the potential role of atmospheric nuclear weapons testing on a high incidence of thyroid cancer observed since 1985 in French Polynesia, a population-based case-control study was performed. The study included 602 subjects, either cases or controls, all aged less than 40 y at the end of nuclear weapons testing in 1974. Radiation doses to the thyroids of the study subjects were assessed based on the available historical results of radiation measurements. These were mainly found in the annual reports on the radiological situation in French Polynesia that had been sent to the UNSCEAR Secretariat. For each atmospheric nuclear weapons test that contributed substantially to the local deposition of radionuclides, the radiation dose to the thyroid from 131 I intake was estimated. In addition, thyroid doses from the intake of short-lived radioiodines ( 132 I, 133 I, 135 I) and 132 Te, external exposure from gamma-emitted radionuclides deposited on the ground, and ingestion of long-lived 137 Cs were reconstructed. The mean thyroid dose among the study subjects was found to be around 3 mGy while the highest dose was estimated to be around 40 mGy. Doses from short-lived iodine and tellurium isotopes ranged up to 10 mGy. Thyroid doses from external exposure ranged up to 3 mGy, while those from internal exposure due to cesium ingestion did not exceed 1 mGy. The dose estimates that have been obtained are based on a rather limited number of radiation measurements performed on a limited number of islands and are highly uncertain. A thorough compilation of the results of all radiation monitoring that was performed in French Polynesia in 1966-1974 would be likely to greatly improve the reliability and the precision of the dose estimates.
INTRODUCTION
Atmospheric nuclear weapons tests conducted from 1945 through 1980 resulted in exposure from fallout of radioactive debris, especially to the population that resided close to nuclear test sites (UNSCEAR 2000) . To evaluate the health impact of nuclear testing to members of the public, epidemiological studies including reconstruction of radiation doses to the exposed populations have been carried out in the United States (Ng et al. 1990; Thompson 1990; Simon et al. 2006) , in Kazakhstan (Gordeev et al. 2002) , and in other countries Bataille and Revol 2002) . The nuclear test sites were two atolls, Mururoa and Fangataufa, located in the southeastern part of Tuamotu-Gambier Archipelago at about 1,150 km from Tahiti, the most populated island in French Polynesia.
To evaluate the potential role of atmospheric nuclear weapons testing on a high incidence of thyroid cancer observed since 1985 in French Polynesia (de Vathaire et al. 2000) , a population-based case-control study of thyroid cancer was performed. The study included 602 subjects aged less than 40 y at the end of the nuclear weapons testing program in 1974. Unit 605 of the National Institute for Health and Medical Research (INSERM) coordinated the case-control study.
Under normal conditions, the radioactive debris produced by a nuclear weapons test was carried out to the east of the test site over uninhabited regions of the Pacific. However, some of the radioactive debris was caught in the troposphere in anticyclones eddies and was transferred back to the central South Pacific area within a few days. Radioactive clouds with these types of trajectories resulted in local deposition of radionuclides on the ground of inhabited islands of French Polynesia.
The radiation dose to the thyroid gland had to be evaluated for each study subject. Rather limited information on measurements of radiation in environmental samples was available for the purposes of thyroid dose reconstruction. These included annual reports on radiation monitoring in French Polynesia that had been sent by the French Government to the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) Secretariat (RF 1967 (RF , 1969 (RF , 1971 (RF -1975 . These reports contain results of total beta activity in filtered air measured in selected locations in French Polynesia as well as measurements of 131 I and 137 Cs concentrations in cow's milk produced in Tahiti and measurements of total gamma activity in foodstuffs produced on selected islands.
The assessment of thyroid doses included the following pathways of exposure:
*
Internal irradiation resulting from intakes of 131 I via inhalation and ingestion; * Internal irradiation resulting from intakes of short-lived 132 I, 133 I, 135 I, and 132 Te; * External irradiation resulting from the deposition of radionuclides on the ground; and * Internal irradiation resulting from intakes of long-lived radionuclides such as 137 Cs.
It was expected that intake of 131 I would be the main pathway of thyroid exposure for the population of French Polynesia, but that other pathways could be relatively important for persons with little or no milk consumption.
The purpose of this paper is to estimate the individual thyroid doses to the study subjects resulting from radioactive fallout from the atmospheric nuclear weapons tests conducted in French Polynesia.
MATERIAL AND METHODS

Geographical and age distribution of the study subjects
The study included 602 subjects aged less than 40 y at the end of atmospheric nuclear weapons testing in 1974. During the atmospheric nuclear weapons testing period, the study subjects resided in 46 islands and atolls ( Fig. 1 ). Among them, the majority (more than 80%) lived in the most populated Societe Islands, particularly in Tahiti. Fig. 2 shows the distribution of the study subjects according to year of birth. Almost 20% of study subjects were aged 7 y or less at the time of the nuclear weapons tests. There were 38 persons among the study subjects who resided outside the study area during the testing period (n = 11) or who were born after July 1975 (n = 27). These persons were not considered in the dose reconstruction.
Available information on measurements of radiation in environmental samples and on meteorology
Rather limited information on radiation measurements in environmental samples was available for the purposes of dose reconstruction. These included seven reports on radiation monitoring in French Polynesia that had been sent by the French Government to the UNSCEAR Secretariat (RF 1967 (RF , 1969 (RF , 1971 (RF -1975 . The ground deposition of specific radionuclides in selected locations of French Polynesia was derived from the activities in filtered air presented in these reports. Radiation monitoring results also included concentrations of 131 I and 137 Cs in fresh cow's milk in Tahiti. In addition, the reports contain results of measurements of total gamma activity in foodstuffs produced on the archipelagos in French Polynesia. Table 2 shows the number of measurements available. A few results of measurements of exposure rates and deposition densities in Gambier (tests Aldebaran and Phoebe), in Tureia (tests Arcturus and Encelade), and in Tahiti (test  Centaure) were also available (Bourges 1997 ).
The meteorological information that is available includes the wind speed and direction, measured 8 times a day at 11 locations, and the daily precipitation at 21 locations.
Reconstruction of fallout from the nuclear weapons tests
More than 100 of the fission products and their decay products with relatively long halflives that are produced in nuclear explosions contribute to radioactive fallout. Tens of other radionuclides are produced by activation of the fuel, bomb construction, and other surrounding materials. However, relatively few radionuclides contribute substantially to the thyroid doses received by the population.
Measurements of radionuclide composition in air or in fallout were not available to us for the tests conducted in French Polynesia. To estimate the activities of specific radionuclides deposited on the ground, the results obtained after atmospheric nuclear weapons tests conducted at the Nevada Test Site (NTS) in the U.S. were used. For these tests, Hicks (1981) calculated the deposition densities of a large number of radionuclides, normalized to an exposure rate of 1 mR h −1 at 12 h post-detonation (H + 12 h), for different nuclear weapons tests and different times of arrival of fallout (TOA). Table 3 shows the medians of the normalized deposition densities of important radionuclides at different TOAs for 34 tests conducted at the NTS. These tabulated values were used to reconstruct fallout from tests conducted in French Polynesia. For all tests conducted in French Polynesia and for the 46 islands and atolls of interest, the values of TOA were preferably taken from the literature (RF 1967 (RF , 1969 (RF , 1971 (RF -1975 Bourges 1997 ) when available or were roughly estimated from the meteorological data on wind speeds and directions (MF 2005) .
For the purpose of determining the deposition densities of the various radionuclides, the following approaches were used depending on the type of data available for the locations of interest.
Approach #1. An exposure rate measurement was available
Step 1. The measured exposure rate was corrected to time H+12 h using the assumption that the exposure rate varied with time after detonation, t in hours, according to t −1.2 during the first week after the test (Dunning 1958) .
Step 2. The deposition density of a particular radionuclide was estimated by multiplication of the corrected exposure rate (obtained in step 1) by the normalized deposition density at TOA calculated by Hicks (1981) .
Approach #2. Measurements of 131I concentration in milk were available
Step 1. The 131I deposition density was derived from the measured activity of 131I in cow's milk as described in a later Section on "Estimation of the time-integrated concentrations in local cow's milk in Tahiti."
Step 2. The deposition density of any radionuclide other than 131I was estimated using the ratio of 131I deposition density at TOA (Hicks 1981) to that obtained in step 1 as a scale.
Approach #3. A measurement of total beta activity in filtered air was available
Step 1. The total deposition density was calculated from the measured time-integrated activity in air, using deposition velocity values of 1.76 × 10-2 m s-1 in case of dry deposition and of light rainfall (R <1 mm d-1), and 6.2 × 10-2 m s-1 for rainfalls greater than, or equal to, 1 mm d-1 (see Section on "Internal dose due to inhalation" for details).
Step 2. The deposition density of a particular radionuclide was estimated by normalizing the total deposition density at TOA (Hicks 1981) to that obtained in step 1.
Deposition densities of radionuclides were reconstructed for each location where study subjects resided during the atmospheric test period. Table 4 gives examples of available radiation data and deposition densities reconstructed using approach #3 or approach #2 for tests that contributed substantially to local fallout in Tahiti.
For a few tests and locations, reconstructed deposition densities could be compared with reconstructed deposition densities reported by Bourges (1997) (Table 5 ). In most cases, a rather good agreement (within a factor of 2) was observed between reconstructed and measured deposition densities as well as between estimates of deposition density reconstructed according to different methods.
Thyroid dose reconstruction
The following pathways of thyroid exposure were considered: External irradiation due to submersion to the radioactive cloud during its passage was estimated to be on the order of a few tens of µGy for the worst case of exposure in the Gambier Islands after test Aldebaran. Exposure from this pathway for other locations and tests was expected to be negligible (on the order of a few µGy or less) and, therefore, was not considered.
For the purposes of dose reconstruction, we took advantage of personal interviews that were conducted in 2000-2004 with each study subject, and in which the following information was requested: (1) age; (2) residential history; (3) type of building in each residence; (4) diet at the age of 15; (5) source of drinking water; and (6) duration of breast feeding. Dose reconstruction was performed without knowledge of the health status of the subject, i.e., case or control.
Internal dose due to inhalation
Internal thyroid dose for a person of age k arising from inhalation of contaminated air, Dkinh, was calculated as:
( 1) where: When measured total beta activities in air were available, TIA i air was derived from the radionuclide mix at TOA calculated by Hicks (1981) . It was assumed that the radionuclide mix in filtered air was the same as that in the activity deposited on the ground. In the absence of measurements in filtered air, a crude estimate of time-integrated concentration of radionuclide i in air was obtained from the reconstructed deposition density using approaches #1 or #2 and the effective deposition velocity of radionuclide onto the ground surface: (2) where: The same value of effective deposition velocity was applied for all radionuclides. Such approach gives a rough estimate of the time-integrated concentration of radionuclide i in air, as the effective deposition velocity varies with the precipitation rate and with the chemical and physical forms of the radionuclides. UNSCEAR used an average value of effective deposition velocity of [nu] i = 1.76 × 10 −2 m s −1 that was derived from long-term observations of the relationship between fallout in the air and on the ground in New York City (UNSCEAR 1993) . This value was used in the calculations in case of dry deposition or of light rain (R < 1 mm d −1 ). For wet deposition with heavier rainfall, a value of [nu] i = 6.2 × 10 −2 m s −1 was derived from measurements of time-integrated concentration in air and deposition density in Tahiti after test Centaure (precipitation R = 2 mm d −1 ).
Internal dose due to ingestion of radioiodines and 132 Te
The thyroid dose for a person of age k arising from ingestion of radionuclides with foodstuffs and drinking water, D k ing , was calculated as: (3) where:
D k,i ing = ingestion dose coefficient for thyroid, i.e., internal thyroid dose due to intake via ingestion of unit activity of radionuclide i for a person of age k (ICRP 1993 (ICRP , 1996a The consumption rates of fresh cow's milk and leafy vegetables, as well as drinking water, reported by the study subjects during the personal interviews were considered to be sources of intake of radioiodines ( 131 I, 132 I, 133 I, 135 I) and 132 Te.
The individual consumption rates of foodstuffs or drinking water, m, by a person of age k were estimated by scaling the information obtained from personal interviews for age 15 y: (4) where:
V15y,m = consumption rate of foodstuff or drinking water, m, by a person at age 15 y, reported during the personal interview, kg(L) d-1; and SFk,m= scaling factor for consumption rate of foodstuffs m at age k and at age 15 y, unitless.
The scaling factors, SFk,m, were derived from Grouzelle et al. (1985) to be 0.5, 0.65, 0.9, 1.0, and 1.05 for persons aged 2-4, 4-8, 8-13, and 13-20 y old, and for adults older than 20 y, respectively, for all foodstuffs except leafy vegetables. For leafy vegetables, scaling factors were estimated to be 0.65, 0.7, 0.95, 1.0, and 1.2 for the same age groups. For the children aged 1 to 2 y old and less than 1 y old, the diet was assumed to be 80% and 40%, respectively, as that for 2-4 y old. For infants less than 1 y old, the information on breastfeeding that was reported in the questionnaires was used.
Another potential source of activity intake was the distribution of one glass of milk per day to children aged 4 to 14 in schools in Tahiti. † † However, the fraction of fresh cow's milk to the total amount of milk consumed in Tahiti at that time was rather small, up to 20%. ‡ ‡ Therefore, it was assumed that the fraction of fresh cows' milk distributed in schools was 20% in the communes in Presqu'île where milk farms are located, 10% in other communes in Tahiti, and 0% on other islands or atolls.
Estimation of the time-integrated concentrations in local cow's milk in Tahiti
The time-integrated concentration of radionuclides in local cow's milk in Tahiti was obtained as the integral over time from TOA to infinity of the milk concentration at time t (Müller and Pröhl 1993; NCI 1997) : (5) where:
A i,milk (t) = concentration of radionuclide i in milk at time t, kBq L −1 ; F i = mass-interception coefficient of radionuclide i by grass, i.e., the fraction of radionuclide initially retained by unit mass of grass or of leafy vegetables; it was taken to be 0.7 m 2 kg −1 (fresh weight) for iodine and tellurium for dry deposition, and 0.1 m 2 kg −1 for iodine and 0.2 m 2 kg −1 for tellurium for wet deposition (Gavrilin et al. 2004 ); I g = 10 kg d −1 , the daily intake of grass by cows, dry mass; TF i = cow's intake-to-milk transfer coefficient of radionuclide i, d L −1 . It was taken to be 3 × 10 −3 and 5 × 10 −4 d L −1 for stable iodine and tellurium, respectively (Müller and Pröhl 1993) ;
[lambda] i m = biological transfer rate in milk, d −1 . It was taken to be 0.99 and 0.69 d −1 for stable iodine and tellurium, respectively (Müller and Pröhl 1993) ;
[lambda] i w = elimination rate of radionuclide i from grass due to processes of weathering and growth dilution, d −1 . It was taken to be 0.069 and 0.047 d −1 for stable iodine and tellurium, respectively (Miller and Hoffman 1983; Müller and Pröhl 1993) ; and
[lambda] i r = radioactive decay constant of radionuclide i, d −1 .
The measured concentration of 131 I in milk produced in Tahiti after the test Centaure (RF 1975) provided the opportunity to validate the 131 I concentration obtained using eqn (5). The measured (RF 1975) and the calculated 131 I concentration in cow's milk are compared in Fig. 3 . There is good agreement between the two sets of values.
When calculating the thyroid dose arising from ingestion of radionuclides with milk using eqn (3), the values of the processing factor for radioiodines and 132 Te were taken to be equal to 1.0.
As indicated previously, eqn (5) was also used to derive the deposition density of 131 I when measured concentrations of 131 I in milk were available.
Estimation of the time-integrated concentrations in leafy vegetables
Leafy vegetables consumed in French Polynesia include lettuce, fafa (very similar to spinach) and Chinese cabbage. The time-integrated concentration of radionuclide i in leafy vegetables was obtained as the integral over time from TOA to infinity of the concentration at time t: (6) where A i,veg (t) is the concentration of radionuclide i in leafy vegetables at time t, kBq kg −1 .
Results of measurements of total gamma activity in leafy vegetables were available only as averages during a trimester (RF 1967 (RF , 1969 (RF , 1971 (RF -1975 . Fig. 4 compares the total gamma concentrations in leafy vegetables measured in Tahiti after test Centaure and calculated using eqn (6). In general, the model provides estimates that are in reasonable agreement with the measurements.
To calculate the thyroid dose arising from ingestion of radionuclides with leafy vegetables using eqn (3), the values of the processing factor for radioiodines were taken to be equal to 0.64 for leafy vegetables (one-third of lettuce and two-thirds of fafa) and 0.5 for Chinese cabbage (IAEA 1997) . For 132 Te, the values of the processing factors were taken to be equal to 0.96 for leafy vegetables and 1.0 for Chinese cabbage.
Estimation of the time-integrated concentrations in drinking water
Rainwater collected in a cistern was the main source of drinking water for population of Tuamotu Archipelago. Typically, there was an individual cistern that belonged to the family and a communal cistern that could be used by the entire village. Fifty-seven and 20 study subjects reported that they drank rainwater from individual and communal cisterns, respectively. The variation with time of the concentration of radionuclide i in rainwater in cistern was calculated as: (7) where:
A i,water (t) = concentration of radionuclide i in rainwater in cistern at time t, kBq L −1 ; V(t) = amount of rainwater in cistern at time t, L; S cistern = area of rainwater collection for the cistern, m 2 . It was taken to be equal to the area of the roof over the individual or the communal cistern, 15 and 60 m 2 , respectively (HCRFP 1977); and SL = solubility of radioiodines in rainwater, unitless.
The amount of rainwater in cistern was calculated as: (8) where R(t) = daily precipitation (MF 2005), mm; and Vcistern = volume of cistern, L. It was taken to be equal to 15,000 and 90,000 L for the individual and communal cisterns, respectively (HCRFP 1977) .
The deposition density of radionuclide i, [final sigma]i(t), was defined as:
The solubility of radioiodine in rainwater was taken to be 0.2 (Lessard et al. 1973) for direct deposition that occurred shortly after the test and on islands located rather close to the detonation site (Tureia, Gambier). For indirect deposition from radioactive clouds caused by anticyclone eddies at further distances, the solubility of radioiodine was taken to be 1.
The amount of rainwater in the cisterns was calculated for the time period starting from 2 wk before the first nuclear weapons test to 5 wk after the last test for each year of testing. The initial content of rainwater in the cistern was assumed to be one-third of its volume. To evaluate how the initial content of rainwater in the cistern may influence the thyroid dose estimates, a sensitivity study was conducted for the individuals who reported consumption of rainwater. It was found that the individual thyroid dose is not very sensitive (within a factor of 1.5) to the initial content of rainwater in the cistern.
External irradiation from radionuclides deposited onto ground
The thyroid dose for a person of age k due to external irradiation from radionuclides deposited on the ground, Dkext, was calculated as: (10) where: BF = behavioral factor that takes into account the fraction of time spent indoors and the shielding provided by the environment, unitless; MFk = modifying factor that takes into account the age dependence of the conversion factor, unitless; CFiext = conversion factor for radionuclide i from the plane source on ground surface to absorbed dose rate in the thyroid gland of adults, mGy d-1 per kBq m-2; and t1, t2 = times of beginning and end of residence at a given location, d.
The variation with time of the deposition density, [final sigma]i(t), of 95Nb, 97Nb, 132I, and 140La was estimated taking into account the deposition of their precursors, i.e., 95Zr, 97Zr, 132Te, and 140Ba, respectively.
The values of the conversion coefficients from a uniform plane source on the ground surface to absorbed dose rate in thyroid gland of an adult person were taken from Eckerman and Ryman (1993) for dry deposition. If deposition occurred with precipitation, a reduction factor of 0.7 was used to take into account the penetration of radionuclides in the soil (Beck 1980) . Radionuclides 91mY, 97mNb, 99mTc, 103mRh, 106Rh, and 144Pr, with half-lives on the order of hours or less, were considered to be in radioactive equilibrium with their precursor, and the contributions from both nuclides were taken into account in a single conversion factor.
The age-dependent modifying factors, MFk, were derived from the International Commission on Radiological Protection (ICRP 1996b) to be 1.2, 1.15, 1.11, 1.06, and 1.02 for newborns, 1, 5, 10, and 15-y-old children, respectively.
The behavior factors, BF, were estimated to be 0.37, 0.43, and 0.70 for persons who lived in apartments, individual houses, and straw houses, respectively. These values were evaluated based on information on the behavior of the Polynesian population: § § * An individual house is a one-floor building of light construction (depth of concrete walls around 10 cm) with open windows and doors; * Polynesians spend on average one-third of their daily time indoors; location factors (that depend on the type of dwelling material) are taken to be 0.1 for apartments, 0.3 for individual houses, and 0.7 for straw houses; and * For outdoor activities the location factors (that depend on the type of environment) are taken to be 0.5 for typical settlements with individual houses and 0.7 for locations with straw houses.
Ingestion of long-lived 137Cs with foodstuffs
Although it was expected that the thyroid dose due to ingestion of 137Cs in general was negligible, this pathway of exposure was considered in the dose reconstruction. The thyroid dose arising from ingestion of 137Cs at age k, Dking,Cs, was calculated as: (11) where: Seventeen different foodstuffs were considered in the reconstruction of the thyroid dose due to 137 Cs ingestion, including local cow's milk, coco milk, coco copra, fruits (bread tree, banana, papaya) and vegetables (manioc, taro, potatoes, leafy vegetables, cabbage), meat (poultry, beef, pork), fish (lagoon and sea) and mollusks. Archipelago-specific average annual concentrations of 137 Cs in foodstuffs were derived from reported results of measurements (RF 1967 (RF , 1969 (RF , 1971 (RF -1975 .
To calculate the thyroid dose arising from ingestion of 137 Cs using eqn (11), the values of the processing factor were taken to be equal to 0.6 for potatoes, 0.7 for Chinese cabbage, 0.8 for meat, and 0.9 for leafy vegetables, fish, and bread tree (IAEA 1997). For other foodstuffs from listed above, the value of the processing factor was taken to be equal to 1.0.
RESULTS AND DISCUSSION
Individual thyroid dose estimates
The assessment of individual thyroid doses took into account: (1) the residential history and dietary habits of the subjects, which were obtained by means of personal interviews; and (2) the deposition densities of radionuclides reconstructed for each island where a subject resided during the testing period. Reconstruction of doses was performed blindly with regard to the case or control status of the study subjects.
The thyroid doses received by the study subjects were low (Table 6 ). The mean dose from all exposure pathways was found to be around 3 mGy, while the highest reconstructed thyroid dose was around 40 mGy. Thyroid doses from short-lived iodine and tellurium isotopes ranged up to 10 mGy. Doses from external exposure ranged up to 3 mGy, while those from internal exposure due to cesium ingestion did not exceed 1 mGy.
Intake of 131 I was estimated to be the main pathway for thyroid exposure. The median contribution to the total thyroid dose from sources of exposure other than 131 I intake was found to be 14% for intake of short-lived iodine and tellurium isotopes, 14% for external exposure, and around 5% for 137 Cs ingestion. However, for individuals who did not consume locally produced foodstuffs, external exposure was the main pathway followed by internal exposure due to inhalation. Table 7 compares the mean thyroid doses among study subjects received after different atmospheric nuclear tests that contributed substantially to the local deposition in French Polynesia. The highest mean dose among the study subjects was observed after the test Centaure in 1974. The highest thyroid doses after different atmospheric nuclear tests are also compared in Table 7 . The highest individual dose was estimated for a subject who resided in Tahiti after the test Centaure in 1974.
As mentioned above, a large number of fission products are produced in a nuclear explosion. However, only a few of them contribute substantially to the thyroid dose. Internal thyroid dose from inhalation and ingestion is mainly due to intakes of 131 
Comparison with results of other studies
The doses that have been estimated in this study were compared with results obtained earlier (UNSCEAR 1977; Bourges 1997 ). The consumption rates of milk (0.7 L d −1 ), leafy vegetables (0.1 kg d −1 ), and drinking water (2 L d −1 ) that were used by UNSCEAR (1977) and by Bourges (1997) were also applied in this study. Table 8 compares the dose estimates published by UNSCEAR (1977) and by Bourges (1997) with the average doses reconstructed based on input data and methodology of this study. In general, the agreement between the dose estimates obtained in different studies is reasonable. It should be noted that the input data used for dose reconstruction by UNSCEAR (1977) and in this study are rather similar. Results of measurements of 131 I concentration in cow's milk were used for dose reconstruction in the two studies; the differences in the dose estimates may be due to differences in data processing or in the values of the parameters used in the models.
Uncertainties in thyroid dose estimates
Uncertainties in the thyroid dose estimates arise from different sources. Some of the dosimetry model parameter values were the same for certain groups of subjects implying that any error made on these parameter values was shared by all subjects to whom it applies. Other uncertainties could be considered to be independent and, therefore, unshared by subjects. The major sources of uncertainty include:
1. The uncertainties attached to the dosimetry models. There are fluctuations in the concentrations of radionuclides in foodstuffs produced at a given location, as well as variability in the thyroid mass and metabolic parameters between individuals. These sources of shared and unshared errors are important as the study considers the individual doses. It should be noted that the level of iodine deficiency has not been taken into account in the calculations, as an increase in the thyroid mass due to iodine deficiency would likely be compensated by an increase in the thyroid uptake (Zvonova 1989 );
2.
The uncertainties attached to the reconstruction of deposition densities of radionuclides. Reconstruction was based on a rather limited number of radiation measurements performed on a limited number of islands. Procedures of interpolation and extrapolation were applied to estimate the deposition densities on islands where measurements were not performed. In addition, there is variability in the deposition density within the same island. It should be noted that to estimate the deposition densities of specific radionuclides, the results obtained for atmospheric nuclear weapons tests conducted at the NTS in the U.S. were used, as the corresponding data for the tests conducted in French Polynesia were not found in the open literature; and 3. The uncertainties attached to the information obtained during personal interviews regarding individual diet and habits of more than 25 years ago. It is obvious that the reliability of personal information on consumption rates, residence history, etc. is rather low. The extrapolation of dietary data from age 15 y to another age is also fraught with uncertainties. In addition, the exact age at which the diet was requested might have been misinterpreted; hence, if the subject reported diet at 10 y of age instead of 15, the dose estimates would be slightly different. This source of unshared errors is important for individual dose estimates.
Despite the numerous sources of uncertainty and the paucity of published environmental radiation data, it is remarkable that reasonable agreements are found between the measured and calculated deposition densities, the measured and calculated 131 I concentrations in milk, and the measured and calculated total gamma activities in leafy vegetables. On that basis, the overall uncertainties in the individual thyroid dose estimates are subjectively assessed to be a factor of 3 (one geometric standard deviation assuming lognormal distribution) around the central values for most individuals.
CONCLUSION
Forty-one atmospheric nuclear weapons tests (plus five safety tests) were conducted in French Polynesia between 1966 and 1974. To evaluate the potential role of atmospheric nuclear weapons testing on the high incidence of thyroid cancer observed since 1985, a casecontrol study of thyroid cancer was performed in French Polynesia.
Thyroid doses for individuals included in the study were assessed based on the available historical results of radiometric measurements and meteorological data. These included annual reports on the radiological situation in French Polynesia that had been sent to the UNSCEAR Secretariat. Results of measurements of exposure rate and of total activity in filtered air were used to evaluate the ground depositions of specific radionuclides. Radiation monitoring also included measurements of 131 I and 137 Cs in cow's milk produced in Tahiti and measurements of radioactivity in foodstuffs produced on selected islands.
For each atmospheric nuclear weapons test that contributed substantially to the local deposition of radionuclides, the radiation dose to the thyroid from 131 I intakes via inhalation and ingestion was estimated. In additional, thyroid doses from the intake of short-lived radioiodines ( 132,133,135 I) and 132 Te, external exposure from gamma-emitting radionuclides deposited on the ground, and ingestion of long-lived 137 Cs were reconstructed. The assessment of individual thyroid doses took into account: (1) the residential history and dietary habits of the subjects, which were obtained by means of personal interviews; and (2) the deposition densities of radionuclides reconstructed for each island where a subject resided during the testing period.
The mean thyroid dose among study subjects was found to be around 3 mGy. Estimated individual thyroid doses ranged up to 40 mGy. The intake of 131 I was estimated to be the main pathway for thyroid exposure. Doses from short-lived iodine and tellurium isotopes ranged up to 10 mGy. Thyroid doses from external exposure ranged up to 3 mGy, while those from internal exposure due to cesium ingestion did not exceed 1 mGy.
The reconstructed doses are associated with high uncertainties arising from (1) the assumptions made and variability of parameters of dosimetric models; (2) the procedures of interpolation and extrapolation applied to reconstruct the environmental radiation field in locations where measurements were not performed; and (3) uncertainties attached to the personal information from questionnaires.
The dose estimates that have been obtained are based on a rather limited number of radiological measurements performed on a limited number of islands. A thorough compilation of the results of all radiological monitoring that was performed in French Polynesia in 1966-1974, if it were made available to the public, would be likely to greatly improve the reliability and the precision of the dose estimates. Map of French Polynesia. The numbers of study subjects who resided on each island or atoll are given within parentheses. Distribution of the study subjects according to year of birth.
Fig. 3.
131 I activity in cow's milk produced in Tahiti after the test Centaure: calculation (curve) and measurements (circles). Total gamma activity in leafy vegetables in Tahiti after the test Centaure: calculation (curve) and average measurements during a trimester in lettuce (thin line) and fafa (broken line). Table 2 Number of results of measurements available (RF 1967 (RF , 1969 (RF , 1971 (RF -1975 . Cs is given in parentheses.
Table 3
Calculated median deposition densities of selected radionuclides at different TOA normalized to an exposure rate of 1 mR h −1 at 12 h post-detonation (H + 12h) [derived from Hicks (1981) ]. Available radiation data and reconstructed deposition densities for tests that contributed substantially to the local deposition of radionuclides on Tahiti. c Reconstructed from the measured exposure rate (approach #1).
Name of test
Table 5
Deposition densities at TOA reconstructed in this study and measured (Bourges 1997) . Thyroid doses reconstructed for the study subjects from different exposure pathways. Table 7 Estimated mean and highest thyroid doses received by the study subjects from different tests. Table 8 Comparison of dose estimates: UNSCEAR (1977); Bourges (1997) ; and this study. 
Name of test
Date of test
